Perrhenate (ReO 4 − ), as a TcO 4 − analogue was incorporated into mixed-anion sodalites from binary solutions containing ReO 4 − and a competing anion X n− (Cl − , CO 3 2− , SO 4 2− , MnO 4 − , or WO 4 2− ). Our objective was to determine the extent of solid solutions formation and the dependence of competing ions selectivity on ion size. Using equivalent aqueous concentrations of the anions (ReO 4 − / X n− molar ratio = 1:1), mixed-anion sodalites were hydrothermally synthesized from zeolite and NaOH at 90°C for 96 hours. The resulting solids were characterized by bulk chemical analysis, X-ray diffraction, scanning electron microscopy, and X-ray absorption near edge structure (XANES) spectroscopy to determine the crystal structure, chemical composition, and morphology, and to confirm the rhenium (Re) oxidation state. Rhenium in the solid phase occurred predominately as [21] . The following parameters were allowed to vary: the background (8 parameters), unit cell, Na position, Re/anion occupancy, peak shape (5 parameters:
n n INTRODUCTION
The application of versatile porous framework materials (feldspathoids) as a selective medium for sequestration of key anionic radionuclides is of paramount importance to the nuclear waste industry. Furthermore, advanced knowledge of factors governing anion selectivity in feldspathoids is critical for their potential application in anion-sequestration processes [1] . The safe disposal of nuclear waste generated by the nuclear fuel cycle remains one of the most challenging, and potentially costly, environmental endeavours of the 21st century [2] . In generation of 20% of the U.S. electricity by nuclear power plants and the rising demand for nuclear power arises a host of waste issues and the technical challenge of immobilizing high-level nuclear wastes (HLW) for temporary storage or disposal in geologic repositories [3] . While glass (borosilicate) waste forms have been employed to immobilize high level nuclear waste (HLW) from nuclear weapons programs and spent nuclear fuel (SNF) from commercial nuclear power plants, ceramic (zirconolite, apatite, Synroc, pyrochlore) and glass ceramic (titanite, celsian, zirconolite silicotitantates, and apatitic) waste forms have been proposed for immobilization of defense HLW and spent nuclear fuel [3] .
Vitrification processes are currently employed to treat commercial HLW at West Valley site (New York) and defense HLW at DOE Savannah River site (Aiken, South Carolina); while at the DOE Hanford site (Washington), construction of a vitrification plant is underway to immobilize defense HLW [3] .
It has been shown that percolating pore water reacts with glass waste forms to form more stable secondary phases, including zeolite (analcime), smectite (Na-beidellite), and feldspathoids [4, 5] . As products of chemical weathering, these secondary mineral phases can potentially retain radionuclides released from corroding vitreous waste forms in their frameworks, thereby controlling the fate and transport of key radionuclides in the environment. Detailed understanding of anion selectivity in porous framework materials (feldspathoids) is critical to understanding the long term 4 fate of anionic radionuclides in the environment.
Feldspathoids such as cancrinite and sodalite have crystalline microporous framework structures. They can be represented by the general formula: A 8 [TO 4 ] 6 X 2 where T is Al and/or Si and, A and X are monovalent or divalent cations and anions, respectively [6] . Sodalite consists of corner sharing SiO 4 and AlO 4 tetrahedra constructed into four and six-membered rings that form the cuboctahedral cages referred to as sodalite β-cages. The sodalite framework can be considered as a space-filling arrangement of the sodalite β-cages directly linked via the six-membered rings to form the semi-condensed sodalite structure. In the center of the cage is an anion that is tetrahedrally coordinated to four cations, forming A 4 X clusters [7] .
Feldspathoids with guest ions in their structures have been widely studied [8] . Most studies have been devoted to mixed cation substitutions in sodalite frameworks [9, 10] and to single anion sodalites [11, 12] . Multiple anion substitution in sodalite is less well characterized. Understanding sodalite selectivity for anionic species of varying sizes is important for elucidating anion substitution in mixed sodalite with more complex structures, especially those sodalites containing key anionic [21] . The following parameters were allowed to vary: the background (8 parameters), unit cell, Na position, Re/anion occupancy, peak shape (5 parameters:
U, V, W, and two peak shape parameters), overall thermal parameter (B), and preferred orientation.
X-ray Absorption Near Edge Structure (XANES) Spectroscopy.
Powdered sodalite samples were mixed with boron nitride and mounted on an aluminum holder with Kapton windows. The XANES spectra were obtained at the Stanford Synchrotron Radiation Lightsource (SSRL) using the 11-2 beamline equipped with a Si (220) double crystal monochromator (φ = 90 crystals) detuned 50% to reduce the harmonic content of the beam. The spectra from 0.2 keV below to 10 keV above the Re L 2 -edge (11.959 keV) were collected either in transmission mode using nitrogen-filled ion chambers or fluorescence mode using a 100-element Ge detector and corrected for detector dead time. We converted raw data to spectra and normalized with SixPack and Artemis [22] . Normalized XANES spectra were fit using standard spectra in the locally written program 'fites', which utilizes a non-linear least squares fitting data. Two reference spectra, ReO 2 , and pure ReO 4 -sodalite, were used for data fitting. The sample XANES spectra were allowed to vary in energy during fitting and the spectral resolution is 7 eV based on the width of the white line at the Re L 2 -edge. Table 1 . The particle sizes were consistent with those reported by Missimer et al. [23] for similar phases. Differences among the mixed-anion sodalite phases are due either to the degree of crystal growth or the amount of agglomeration.
Composition Analysis. The chemical composition of the synthesis products is shown in Mineral Structure. The calculated XRD patterns obtained from the Rietveld refinements of the mixed-anion sodalites are displayed in Figure 3 . The refined lattice parameter, (a) and index of agreement (χ 2 ) for the mixed-anion sodalites are shown in Table 3 . The space group P43n was adopted for the mixed-anion sodalite with a ranging from 8.8885(2) to 9.1527(1) Å. The Rietveld refinements indicate small amounts of cancrinite were formed along with the dominant sodalite phase(s).
Rhenium Oxidation State. The spectra fitting were performed as described by Lukens et al. [24, 25] . The Re L 2 edge XANES data were fit using only the spectra of ReO 2 (s) and ReO 4 − -sodalite. The spectrum ReO 4 − /MnO 4 − -sodalite is presented in Figure 6 . In the mixed-anion sodalites, the spectrum of ReO 4 − -sodalite contributes significantly (≥92%) to the fit and only in the presence of Cl − does the spectrum of ReO 2 contribute significantly to greater than 2σ of the fit (Table 4) .
Thus, the ReO 4 − species is considered the dominant rhenium species in these solid phases. In this study, five mixed-anion sodalites containing extra-framework species were synthesized and characterized. The selectivity for intra-lattice anions of the products was highly dependent on the size and, to a lesser extent, the charge of the competing anion. The results of our study suggest that similarity in ionic radius (DIR of ≤15%) and charge (ionic potential) promote the competitive incorporation of ReO 4 − into the mixed-anion sodalite ( Figure 5 and where environmental conditions are conducive for feldspathoid formation, the waste solutions may also contain high concentrations of such competing anions. In the case of waste glass corrosion, the primary competing anions are hydroxide and carbonate. Consequently, any sodalite formed during glass corrosion will preferentially incorporate these small anions, allowing TcO 4 -to leach from the glass as previously observed.
One limitation of our results is that sodalite synthesis occurred in a closed system. In open, free-flowing systems, the smaller anions may become depleted leaving TcO 4 − to be incorporated later in the waste stream (my understanding is that this is only true for hydroxide as was stated in the previous paper.) Our experiments were designed specifically to form sodalite phase because of the ability of its cages to sequester large ions such as TcO 4 − . In other systems, neoformed mineral phases could include zeolite, nosean, and nepheline. It has been reported that NO 3 − will sequester into cancrinite and SO 4 2− into nosean; whereas Cl − and ReO 4 − will be incorporated into mixed sodalite [27] . a) The number in parentheses is the standard deviation in the same units as the preceding digit, b) p is the usual p-value. 
